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ABSTRACT
Mineral reduction simulations imitating various geochemical environments were
conducted over 1 – 30 hours. Ferrihydrite was prepared from solid phases using a solvent-deficient
method. In each experiment, ferrihydrite was abiotically reduced with sodium dithionite solution
in 1 Molar buffered Na-carbonate and Na-sulfate/sulfide brine at 70°C under nitrogen atmosphere.
Six (n=6) and ten (n=10) samples of resultant sulfate/sulfide and carbonate precipitates were
collected, respectively. X-Ray Diffractometry (XRD) and Scanning Electron Microscopy (SEM)
analytical methods were used to characterize the experimental products. Diagenetic siderite and
goethite in carbonate simulations were identified with XRD. Siderite was observed as spherules
and platy structures possibly of chukanovite. Calculations using PHREEQ software predicted
siderite and pyrite forming in carbonate and sulfate/sulfide brines respectively. The expected pyrite
did not precipitate. Rather magnetite, which was unexpected, was formed by either partial
reduction of ferrihydrite or partial oxidation of an intermediate reduced phase such as wüstite.
Understanding the diagenetic pathways and water-mineral interactions of these systems is
necessary for paleoenvironmental reconstruction and for the fidelity of paleomagnetic records.
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1

INTRODUCTION

Understanding the elemental distribution in lake sedimentary environments is notably
linked to external climatic conditions, which influence the precipitation of particular mineral
phases (Cohen, 2003). Generally, geochemical environments in sediments and sedimentary
rocks are categorized based on their hydrogen ion activity and redox potentials. (Berner, 1981;
Fernandez et al., 2014).
The primary source of iron in lacustrine settings is typically from stream load
complexed by organic matter suspended in sediments at the sediment-water interface, where
stable iron (III) converts to mobile reactive iron (II). Iron reduction in anoxic conditions
increases with depth, thereby increasing the concentration of iron (II) in pore waters. (Berner,
1981; Pye et al., 1990; Nodder et al., 2005).
The Hominin Sites and Paleolakes Drilling Project (HSPDP) is responsible for
correlating the history of hominin evolution with regional climatic variations. The project
collected over 2 kilometers of lake sediment cores from six basins near-critical archeological
sites along the eastern branch of the East African Rift Valley (Figure 1-4). HSPDP's objective
is building a high resolution regional framework of climatic and habitual changes during the
hominin evolution (Campisano et al., 2017).
Stratigraphic correlations of the upper-middle drill core sections of the NAO14-1B and
NAW14-1A indicated the presence of gypsum (CaSO4·2H2O) and pyrite (Fe2S) in varying
amounts suggesting sub-lacustrine sulfate reduction (Figure 1-1). The NAO core contained
abundant gypsum and almost no pyrite, indicating that NAO sediment was shallower hence
undergoing greater oxidation compared to sediments in the NAW core. These minerals are
potential terrestrial paleoenvironmental redox proxies in understanding the redox conditions
for the paleo-lakes paleo-bathymetry (Davis et al., 2017). Based on the drill core section NAW
of the HSPDP, pyrite forms at the geological contacts of basalt. The formation of the pyrite
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possibly attributed to the interaction of basalt and aqueous dissolved H2S-CO in the
surrounding geological environment.

0

Figure 1-1. Mineralogical plots of NAO and NAW drill core sections from HSPDP. (Davis et al., 2017)
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Siderite formation involves iron reduction and bacterial methanogenesis of organic
carbon compounds (see Equation 1-1 below). Siderite is known to form in non-marine
environments. In marine environments, it is difficult to precipitate siderite because readily
available Ca2+ preferentially reacts with present bicarbonate at normal marine temperatures.
Eodiagenetic siderite is noted as a reducing environment proxy in sedimentary environments
(Bennington, 1999; Pye, 1984; Rodrigues et al., 2015).
7CH2O + 2Fe2O3 → 3CH4 + 4FeCO3 + H2O … (Eqn. 1-1; Curtis, 1986)
Pyrite is documented to form when detrital (III) iron oxide (see Equation 1-2 below)
or elemental iron reacts with H2S(g) during early diagenesis in anoxic conditions. During this
reaction, metastable forms of iron mono-sulfides form before the final product, pyrite. In
natural sedimentary environments, H2S(g) is derived from sulfate reduction in interstitial porewaters by existing bacterial agents (See Figure 1-2). For the case of our simulation
experiment, the sodium dithionite acts as the reducing agent for Fe. The anoxic environment
was created by purging the apparatus with nitrogen gas.
S0 + Fe2O3 + 3H2S → 2FeS2 + 3H2O …. (Eqn. 1-2; Berner, 1981)

Figure 1-2. Diagrammatic representation of the general process of sedimentary pyrite
formation (Berner, 1984).
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Similarly, to siderite, pyrite is formed in reducing, sulfidic conditions associated with
carbonaceous material and may be deposited in lacustrine muds by the action of
microorganisms (Phillips and Griffen, 1981). The development of siderite and pyrite requires
anoxic sedimentary environments in the presence of Fe2+, both forming with increasing organic
matter and low sediment supply regimes (Hlal, 2013). When exposed to oxidizing
environments, they are both oxidized to goethite or hematite.
Ferrihydrite is omnipresent in sediments, and because of its reactivity and high ion
adsorption capacity, it serves as the primary sink for different metals (Hansel et al., 2005). Iron
Eh-pH diagrams best demonstrate the solubility fields of the dissolved and solid species of iron
(See Figures 1-3 and 1-4). Siderite and pyrite as our minerals of interest to lie within the
reduction zone in the Eh-pH diagram.
Redox reactions are considered significant in the determination of the distribution of
minor elements in closed basins (Deocampo and Jones, 2014). Hence, comprehending the
formation and timing of siderite and pyrite through laboratory simulations will give a sensible
explanation of significant reduction conditions during diagenesis in lacustrine basins. Besides,
siderite is useful in paleoenvironmental studies because of its close association with pore-water
chemistry without necessarily undergoing recrystallization (Mozley, 1989; Lim et al., 2004).
Lake Bogoria and Aral sea are relevant case studies due to the high ionic carbonate and sulfate
concentrations (see Table 1-1), respectively (Deocampo and Jones, 2014).
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Figure 1-3. Eh-pH diagram for Iron showing solubility fields of solid species and
dissolved species at 25°C (Russell et al., 2010)

Figure 1-4. Eh-pH diagram for Iron-Sulfur-Oxygen-Hydrogen showing solubility
fields of solid species and dissolved species at 25°C (Brookins., 2012)
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1.1

Case Studies.
1.1.1

Lake Bogoria

Widely known for its flamingo populations and various bird species Lake Bogoria is
an alkaline, perennial closed – basin lake formed through tectonic activity. The lake is located
approximately 55 km north of the Menegai Volcano within the East African Rift Valley in
the Gregory Rift (Figure 1-4). Active volcanism within the rift has played a major role in the
hydrological and morphological features of lake basins within it, with major differences
displayed in the dissolved salt concentrations (Schlueter, 1997). Bogoria has a small surface
to volume ratio displaying highly alkaline salinity levels of > 40% with Na+ > K+ > Si4+ >
Ca2+ and HCO3 - > CO3 2- > Cl- > F- > SO4 2-. The high ionic concentrations of these
constituents are eminent due to the erosion of the alkaline volcanic rocks found in the Rift
valley (Deocampo and Jones, 2003; Scoon, 2018). Hydrothermal springs, geysers, ephemeral
tributaries, and surface runoff from surrounding highlands feed the lake (Jirsa et al., 2013).
Evaporative concentration and binary mixing of river and thermal waters explain the
chemical composition of the lake waters (Tarits et al., 2006)
1.1.2

Aral Sea

Located in Central Asia, the Aral Sea is considered a terminal lake that lies in the KaraKum and Kyzyl-Kum region, bordering Kazakhstan, Turkmenistan, and Uzbekistan (see
Figure 1-5). The lake is situated in an arid/semi-arid climatic environment and theorized to
have formed through continued deflation processes through wind erosion. Over the past years,
drastic changes in the water level and chemistry have been observed due to excessive irrigation
from the in-flowing rivers causing increased salinity levels (Boomer et al., 2000; Boomer,
1993). Global warming is a significant “future” contributor to the decreased water level
changes due to excessive evaporation (Micklin, 2010). The two main tributaries, namely the
Amu Darya and the Syr Darya, flow into the lake to the South and East, respectively. Low
concentrations of Cl- and HCO3- ions with relatively high levels of Mg2+ and SO42- ions were
observed through chemical analysis of the evaporitic sediments in the lake. SO42- evaporite
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deposits in the basin are the notable species as a result of the chemistry of the in-flowing river
water.

Figure 1-5. The Great East African Rift valley (Wood and Guth, 2013).

Figure 1-6 Geographic location of Aral Sea. Time image was taken Aral Sea had
dried up into two separate basins (Google Earth, 2020).

6

Table 1-1. Cation-Anion associations in mol% (Deocampo and Jones, 2014)
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1.2

Research Question
Redox reactions are considered complex with varying degrees of possible mineralogical

outcomes. Iron as an element is deemed to be important in the whole process and understanding
its geochemical behavior in lacustrine settings is crucial in sediment mineralogy.
The primary objective is;


To simulate reduction conditions experimentally in sulfide/sulfate and carbonate brine
environments to understand the reduction processes iron minerals undergo in lake
sediments.

8

2
2.1

MATERIALS AND METHODS

Ferrihydrite Synthesis
The ferrihydrite used in this study was synthesized at Georgia State University,

Environmental Geochemistry laboratory using the solvent-deficient method (Smith et al.,
2012). 20.25g of Fe(NO3)3.9H2O(s) and 11.91g of NH4HCO3(s) was ground using a pestle and
mortar for about 15 minutes (Figure 2-1) producing a slurry mixture which was centrifuged.
The resultant precipitate, 5Fe2O3.9H2O, was oven dried at 100⁰ C for 24 hours. The synthesized
ferrihydrite was then stored and labelled accordingly in a clear polystyrene plastic vial. 2 grams
of ferrihydrite was observed under a light microscope with magnification x10, where clay- and
silt-sized mineral grains were observed.
…

Figure 2-1 Synthesis of ferrihydrite. [A]. Mixing Fe(NO3)3.9H2O(s) and NH4HCO3(s)
and [B]. Microscopic view of ferrihydrite.
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2.2

Solution Preparation
2.2.1

Lake Bogoria (CO3 2- rich solution)

To simulate Lake Bogoria setting 1M of NaHCO3 was prepared by adding 84 grams of
NaHCO3 in 1 liter of deionized water in a volumetric flask and stirred thoroughly.
2.2.2

Aral Sea (SO4 2- rich solution)

Hypothetically simulating a SO42- rich, Aral Sea, 1M of Na2SO4 was prepared by adding
142.04 grams of Na2SO4 in a volumetric flask and stirred thoroughly.
2.2.3

S2- rich solution

Simulating the S2- rich environment, 78.04 grams of Na2S was mixed with 1 liter of
deionized water to form 1M solution.
2.3

Laboratory setup and general measurements.
2.3.1

pH measurement of CO3 2-/ SO4 2-/ S 2- rich solution.

The Sper Scientific 860031 benchtop pH and mV meter was used for measuring the pH
of the solutions. Calibration of the pH meter was achieved using standard Atlas Scientific,
Environmental Robotics buffer solutions of pH values 4, 7, and 10 accordingly. The pH meter
sensor probe was standardized in oxygenated water and the measurements were not taken in
situ during anaerobic reactions. The probe tip (glass bulb) was completely immersed into the
sample and gently stirred creating a well-mixed solution. Readings were taken after
stabilization and the word “READY” was illuminated on the display. Four pH measurements
were taken for each brine solution.
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Figure 2-2 pH meter apparatus used for determining the pH of the brines.

2.3.2

Reacting reduced mobile Fe2+ with CO3 2- / SO4 2- / S 2- rich solutions.

Forty milliliters of CO3 2-/ SO4 2-/ S 2- lab simulated waters was placed in a vacuum flask
and one hundred milligrams of ferrihydrite added and resultant mixture purged with Nitrogen
gas for about five minutes. Two hundred milligrams of Na-dithionite [Na2S2O4] was
immediately added to the mixture. The experiment was conducted at a steady temperature of
70°C for various time intervals of one hour, two hours, three hours, four hours, twenty-four
hours and thirty hours and continuously stirred at 350 revolutions per minute (rpm) for
homogeneity. Reduction times for different batches of the experiment varied from fifteen
minutes to several hours (Tables 2-1 and 2-2). The resulting precipitates were then filtered
using 0.45µm filter paper and dried overnight undisturbed. Experiments RG1_CO32- and
RG2_CO32-, were conducted using different parameters of four hundred milligrams of Na2S2O4
and twenty-four hours and thirty hours respective time durations. The equipment setup was
simplified from a well-known ferrihydrite reduction process (Stucki et al., 1984).
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B

A

Figure 2-3. Ferrihydrite reduction. [A]. A
Stirring brine thoroughly for homogeneity
and [B]. Reacting ferrihydrite with Na2S2O4 under inert conditions, N2(g) purged.

Table 2-1 CO32- -rich simulation parameters.

Experiment 1. CO32- rich solution.
ID
Temps (°C) Revolutions Time(hours)
(rpm)
2MC1_ CO3
70
350
1
2MC2_ CO3
70
350
2
2MC3_ CO3
70
350
3
2MC4_ CO3
70
350
4
RG1_ CO3270
350
24
RG2_ CO3270
350
30

Experiment 2. CO32- rich solution.
ID
Temps (°C) Revolutions Time (hours)
(rpm)
2M1_ CO3
70
350
1
2M2_CO3
70
350
2
2M3_ CO3
70
350
3
2M4_ CO3
70
350
4

Table 2-2 Sulfate and sulfide-rich simulation parameters.

Experiment 1. SO4 2- rich solution.
ID
Temps (°C) Revolutions Time(hours)
(rpm)
2MC1_ SO4
70
350
1
2MC2_ SO4
70
350
2
2MC3_ SO4
70
350
3
MC4_ SO4 270
350
4

ID
M1_S2M2_S2M3_ S2M4_S2-

Experiment 2. S2- rich solution.
Temps (°C) Revolutions Time (hours)
(rpm)
70
350
1
70
350
2
70
350
3
70
350
4
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2.4

XRD (X-Ray Powder Diffraction) mineral identification
The PANalytical X’Pert Pro situated in the Environmental Geochemistry lab, Georgia

State University was used for XRD measurements. Three to six grams of resultant mineral
precipitate was mounted on metallic discs, which provide a stable surface for analysis. The
samples were then scanned from 4 to 60 degrees 2ϴ (two theta). The graphite monochromator
was in place to cancel interference components such as fluorescent X-rays from the sample and
Kβ-rays from the Cu target. A copper anode was used for supplying an incident beam of Cu Kα
X-rays. The irradiated length of the sample is 10mm, receiving slit size of 0.1”. Reasonable
differences in the relative crystallinities were observed from the variances in peak heights and
widths in the XRD patterns. Mineral identification of the samples was achieved after several
measurements using peak-match capabilities.
2.5

Mineral Crystallite Size Calculation.
Using the XRD data, crystallite sizes for the mineral precipitates were calculated and

averaged using the Scherrer’s equation (Patterson, 1939) (See equation 2-1).
Crystallite size, Dp = K l / (B Cos q) … Equation 2-1
Where;
Dp = Average crystallite size (nm)
K = Scherrer constant (K varies from 0.68 to 2.08; K = 0.94 for spherical crystallites
with cubic symmetry)
l = X-Ray wavelength, Cu Kα average = 1.54178 Å
B = FWHM (Full Width at Half Maximum) of XRD peak.
q = XRD peak position, one half of 2q.
The resulting crystallite sizes were then compared to varying time durations in hours.
2.6

Aqueous Geochemical Modelling, PHREEQ.
The equilibrium concentrations of dissolved chemical species and their saturation

degree (saturation index) of solid phases in equilibrium within the solution, were determined
using the geochemical modeling application WEB-PHREEQ (Parkhurst and Appelo, 1999).
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The saturation index (SI) calculated by comparing the ion activities of dissolved mineral ions
(IAP) with their solubility product (Ksp). SI = Log10 (IAP/Ksp). SI = 0 implies saturated (in
equilibrium) concerning the mineral, SI > 0 implies super saturation and SI < 0 implies under
saturation.
The following steps were taken using the PHREEQ modelling program;
1.

Select the simple speciation option.

2.

Single solution selection as our next parameter.

3.

And the PHREEQC database as our point of reference.

4.

Under the “Environmental conditions” section. The earlier calculated pH values

are used with the option of having the pH fixed. The temperature value used is 70°C.
5.

The “Concentration Units” used are “moles/liter”.

6.

Under the “Major and commonly analyzed elements”, calculated values of Na,

Fe(Ⅱ), CO32- and SO42- were inserted in their respective fields according the conducted
simulation.
7.

The full output file was generated using PHREEQ upon pressing the “Continue”

8.

The saturation index values generated in the report are then plotted against the

tab.

amount of presumed Fe(Ⅱ).
2.7

Scanning Electron Microscope (SEM) Images.
A Hitachi S-4800 Field Emission? Scanning Electron Microscope (SEM) with

secondary electron, backscatter electron, transmission electron detectors and an EDAX energy
dispersive X-ray spectrometer (EDS) located in Rutgers University, Department of Chemistry
was used to obtain the SEM images presented in this report. Samples were placed onto sample
stubs and sputtered by a few nanometers of gold to increase conductivity. Nominal pressures
were calibrated in the SEM chamber and the sample stubs placed onto the stage. The operating
voltage used was 20 kV. Data collected in the form of two-dimensional images was generated
and captured at different magnification levels ranging from 1x to 10kx. Variations in textural
and chemical characterizations of the samples was noted.
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3
3.1

RESULTS

XRD (X-Ray Powder Diffraction)
3.1.1

Ferrihydrite identification

The prepared ferrihydrite sample was collected and analyzed using a PANalytical
X’Pert Pro diffractometer. XRD measurements were conducted over a 20 – 80°, 2ϴ range and
two broad diffraction peaks of values 1.9780Å and 1.4734Å were observed; this diffraction
pattern corresponded to the known 2-line ferrihydrite (Figure 3-1). Per this diffraction pattern,
ferrihydrite is thought to be composed of spherical particles of poorly aggregated crystalline
Fe (Ⅲ) oxyhydroxides, which was also observed in the microscopic view.

Figure 3-1 XRD analysis conducted on the ferrihydrite sample.

3.1.2

Mineral Precipitate Identification.

Mineral precipitates from the lab simulations of reacting ferrihydrite with the CO32-/
SO42-/ S2- brine solutions were analyzed using the XRD method. From the carbonate and sulfate
brine reactions the minerals siderite and magnetite were identified respectively for the different
time variations based on the distribution of the diffraction peaks (Figures 3-2, 3-3, 3-4 and 35). The magnetite was confirmed by using a magnet. No particular sulfide mineral resulting
from the sulfide simulation could be identified under the XRD. For the 30 hours carbonate
simulation using 400mg of Na- dithionite, traces of goethite in addition to siderite is present.

15

Table 3-1. Summary of observed minerals and treatments.
Treatments done
Analytical Methods Observed Minerals
Used
Carbonate simulation samples - 200mg of Na-dithionite. - X-Ray
Siderite, Goethite,
22(MC1_CO3 ,
MC2_CO3 , - 100mg of Ferrihydrite.
Diffractometer.
Chikanovite (?)
MC3_CO32-, MC4_CO32-)
- Nitrogen gas purged.
- Scanning Electron
Microscopy.
Sulfate simulation samples - 70°C temperatures
Magnetite
- PHREEQ
(MC1_SO42-,MC2_SO42-,
Geochemical
MC3_SO42-, MC4_SO42-)
modelling
Sulfide simulation samples
No
specific
222(MC1_S ,MC2_S , MC3_S ,
identifiable mineral
MC4_S2-)
observed.
Carbonate simulation samples - 400mg of Na-dithionite.
Siderite, Goethite,
(RG1_CO32-, RG2_CO32-)
- 100mg of Ferrihydrite.
- Nitrogen gas purged.
- 70°C temperatures
Sample(s)

A

B
Figure 3-2 XRD graphs of mineral precipitates. [A] 1hour carbonate simulation and
[B] 2 hours carbonate simulation.
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C

D

E
Figure 3-3 XRD graphs of mineral precipitates. [C]3hours carbonate simulation, [D] 4
hours carbonate simulation and [E] 24 hours carbonate simulation.
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F

G

H
Figure 3-4 XRD graphs of mineral precipitates. [F]1hour, [G] 2 hours and [H] 3 hours
sulfate simulations.
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I

J

K
Figure 3-5 XRD graphs of mineral precipitates. [I] 4hours sulfate simulations, [J] 2
hours and [K] 4 hours sulfide simulations.

19

Figure 3-6 A combined XRD graph with all the simulations.
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3.2

pH measurements
Four pH measurements were recorded and averaged for the carbonate, sulfate and

sulfide solutions. The average measurements were 8.4, 13.4 and 12.2 for the respective brines.
The sulfate and sulfide solutions were noted to be highly basic in nature.

No. of Attempts
1

Table 3-2 pH solution measurements.
Carbonate solution
Sulfate solution pH
pH measurement.
measurement.
8.3
13.3

Sulfide solution pH
measurement.
12.2

2

8.4

13.4

12.2

3

8.4

13.5

12.3

4

8.5

13.4

12.2

Average pH measurements

8.4 ± 0.1

13.4 ± 0.1

12.2 ± 0.1

3.3

Scanning Electron Microscope (SEM) Images.
Mineral precipitates resulting from the simulation of the CO32-/ SO42-/ S2- brine

solutions were analyzed using the SEM method. Several minerals were clearly identified under
the SEM images. Spherules of varying diameters, between one to two nanometers, from the
carbonate simulations are observed and identified as siderite (Figure 3.7 [a-d]). Platy-structured
mineral flakes appear in close association with the siderite, identified as Chukanovite, based
on their habit.

Figure 3-7. Chukanovite SEM image. (Berner, 1981)
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a

b
b

c

d
9µm

Figure 3-8 SEM images of carbonate simulations for [a] 1hour, [b] 2 hours, [c] 3 hours and [d] 4 hours.
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e

f

g

h

Figure 3-9 SEM images of sulfate simulations for [e] 1hour, [f] 2 hours, [g] 3 hours and [h] 4 hours

23

i

j

k

Figure 3-10 SEM images of sulfide simulations for [i]2hours, [j] 3 hours and [k] 4 hours.
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3.4

Aqueous Geochemical Modelling, PHREEQ
Geochemical simulations were conducted using the PHREEQ program. The iron (Ⅱ)

content values were incrementally adjusted respective to the different brine simulations to
observe the behavior of the mineral saturation index. The saturation index is then plotted
against the iron content.
3.4.1

CO3 2- rich simulation.

Projected Fe2+ measurements were inputs into the PHREEQ geochemical modelling program
to calculate the saturation indexes for the expected mineral formations. The final mineral
product for the carbonate simulation was noted as siderite. Siderite? Saturation Index was
plotted against the Fe2+ content.
Table 3-3 Table showing projected and actual Fe2+ and siderite saturation index.

X (Fe2+ mol/l) Y (Siderite Saturation Index)
0.00001
1.41
0.0001
2.41
0.001
3.39
0.002
3.68
0.005
4.02
0.007
4.12
0.009
4.19
0.02
4.35
0.05
4.43
0.07
4.45
0.1
4.47

Actual simulation measurements taken
X (Fe2+ mol/l)
Y (Siderite Saturation Index)
0.001193324
3.47
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Saturation Index (Siderite) vs. Fe2+
5
4.19
4.12
4.02
4 3.68
3.39
3.5

Siderite Saturation Index (SI)

4.5

4.47

4.45

4.43

4.35

3
2.5

2.41

2
1.5

1.41

1
0.5
0

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

Fe 2+

Figure 3-11 Graph displaying relationship between Iron (Ⅱ) content versus Siderite
saturation index.

The relationship between the two parameters is directly proportional but becomes
tangential with increased iron (Ⅱ) content (see Figure 3.10)
3.4.2

SO4 2- rich simulation.

Table 3-4. Table showing projected and actual Fe2+ and pyrite saturation index.

X (Fe2+ mol/l)
0.00001
0.0001
0.001
0.002
0.005
0.007
0.009
0.02
0.05
0.07
0.1

Y (Pyrite Saturation Index)
0.41
3.31
3.72
3.76
3.81
3.87
3.9
3.95
4.02
4.06
4.1

26

Actual Simulation measurements
X
mol/l)
Y (Pyrite Saturation Index)
0.00689848
3.86
(Fe2+

Saturation Index (Pyrite) Vs Fe2+

Pyrite Saturation Index (SI)

3.72 3.76

3.9
3.87
3.81

3.95

4.064.1
4.02

4.5
4

3.31

3.5
3
2.5
2
1.5
1

0.41

0.5
0

0.000001

0.00001

0.0001

0.001

Fe

0.01

0.1

2+

Figure 3-12. Graph displaying relationship between Iron (Ⅱ) content Vs Pyrite
saturation index.

1
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3.5

Mineral Crystallite Size Calculation
Using Scherrer’s equation (Patterson, 1939), the average crystallite sizes for the

mineral precipitates from the simulations were calculated using the following formulae;
Crystallite size, Dp = K l / (B Cos Θ) … Equation 3-5
Where;
Dp = Average crystallite size (nm).
K = Scherrer Constant (K varies from 0.68 to 2.08; K = 0.94 for spherical crystallites with
cubic symmetry).
l = X-Ray wavelength, Cu Kα = 1.54178 Å.
B = FWHM (Full Width at Half Maximum) of XRD peak (Δ2Θ), radians.
Θ = XRD peak position, one half of 2Θ .
The crystallite sizes were calculated for each mineral precipitate (siderite, magnetite)
in every simulation and averaged. Typically, sub-micrometer sized measurements are used.
The Microsoft excel formula used was;
(0.9*0.15418) / Radians (FWHM Left [°2Θ]) * Cos (Radians ([°2Θ]) / 2))
The resultant average mineral crystallite sizes for the simulations were plotted against time
duration in hours (Figures 3.11 and 3.12). FWHM and peak positions used in the crystallite
size calculations were generated by HighScore Plus, an XRD analysis software.
The carbonate simulations were simulated twice. The average crystallite sizes plotted
against time in hours are directly proportional in both simulations, with the peak sizes at 2
hours and 3 hours respectively which gradually declined with time. (see Figure 3.12 and 3.13)
The crystallite sizes were calculated using Microsoft Excel Spreadsheet 2016 (Tables 3-4 to 38).
Table 3-5. Average crystallite size for 2 hours CO32- simulation.
Pos. [°2Ɵ]
7.792
8.756

FWHM Left [°2Ɵ]
0.614
0.409

Crystallite Size (nm)
12.919
19.368

Average Crystallite Size (nm)
16.143
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Table 3-6. Average crystallite size for 3 hours CO3 2- simulation
Pos. [°2Ɵ] FWHM Left [°2Ɵ]
Crystallite Size (nm)
Average Crystallite Size (nm)
25.133
0.409
18.959
18.098
32.300
0.461
16.584
38.519
0.307
24.448
42.543
0.307
24.133
46.452
0.409
17.850
51.047
0.409
17.529
53.019
0.409
17.382
61.760
0.409
16.671
65.609
0.716
9.328

Table 3-7. Average crystallite size for 4 hours CO3 2- simulation
Pos. [°2Ɵ] FWHM Left [°2Ɵ] Crystallite Size (nm)
Average Crystallite Size (nm)
32.068
0.409
18.669
17.026
38.420
0.307
24.455
40.388
0.819
9.114
42.451
0.409
18.107
46.310
0.409
17.860
53.099
0.358
19.855
61.608
0.614
11.122

Table 3-8. Average crystallite size for 3 hours CO3 2- simulation. Second attempt.
Pos. [°2Ɵ] FWHM Left [°2Ɵ]
Crystallite Size (nm)
Average Crystallite Size (nm)
7.880
0.614
12.918
21.788
31.920
0.256
29.883
38.242
0.307
24.469
42.240
0.307
24.158
46.086
0.307
23.831
52.760
0.461
15.467

Table 3-9. Average crystallite size for 4 hours CO3 2- simulation. Second attempt
Pos. [°2Ɵ]
32.204

FWHM Left [°2Ɵ]
86.520

Crystallite Size (nm)
0.088

Average Crystallite Size (nm)
0.088
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Exp. 1.
Carbonate simulation. Average Crystallite Size (nm) vs Time
(Hours)
30

Crystallite Size (nm)
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Figure 3-13 Graph displaying average crystallite size (nm) vs time in hours. 1st
carbonate simulation.
Exp. 2.
Carbonate simulation. Average Crystallite Size (nm) Vs Time
(Hours)
18.5

Crystallite Size (nm)
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17.5

17

16.5
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4
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Figure 3-14 Graph displaying average crystallite size (nm) vs time in hours. 2nd
carbonate simulation.
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Table 3-10. Average crystallite size for 1 hour SO4 2- simulation.
Pos. [°2Ɵ]
FWHM Left [°2Ɵ]
Crystallite Size (nm)
Average Crystallite Size (nm)
27.003
0.614
12.591
11.141
30.165
0.511
15.023
35.551
0.614
12.330
43.165
0.818
9.038
46.822
0.614
11.883
57.046
0.716
9.756
62.802
0.921
7.368

Table 3-11. Average crystallite size for 2 hours SO4 2- simulation.
Pos. [°2Ɵ] FWHM Left [°2Ɵ]
Crystallite Size (nm)
Average Crystallite Size (nm)
21.211
0.819
9.545
10.693
27.059
0.614
12.589
30.226
0.614
12.501
35.611
0.614
12.328
36.469
0.512
14.757
43.307
0.819
9.026
46.958
0.716
10.179
52.878
0.819
8.695
57.178
0.819
8.527
60.601
0.614
11.180
62.737
0.819
8.292

Table 3-12. Average crystallite size for 3 hours SO4 2- simulation.
Pos. [°2Ɵ] FWHM Left [°2Ɵ] Crystallite Size (nm) Average Crystallite Size (nm)
14.102
0.614
12.851
16.643
23.086
0.307
25.374
27.109
0.512
15.105
36.317
0.358
21.090
46.882
0.512
14.255
60.500
0.614
11.186
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Table 3-13. Average crystallite size for 4 hours SO4 2- simulation.
Pos. [°2Ɵ]
14.352
21.325
27.092
30.261
33.478
35.741
36.436
43.444
46.979
57.287
60.614
62.796

FWHM Left [°2Ɵ]
0.614
0.614
0.409
0.614
0.409
0.512
0.512
0.614
0.512
0.614
0.819
0.819

Crystallite Size (nm)
12.847
12.725
18.884
12.500
18.602
14.788
14.759
12.029
14.250
11.364
8.384
8.289

Average Crystallite Size (nm)
13.285

Sulfate simulation. Average Crystallite Size (nm) vs Time Duration
(Hours)
18
16

Crystallite Size (nm)

14
12
10
8
6
4
2
0
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Time (Hours)

Figure 3-15 Graph displaying average crystallite size (nm) vs time in hours. Sulfate
simulation.
The data for the sulfate simulation was calculated using Microsoft excel (see Tables 3-9 to 311). Average crystallite sizes for the sulfate simulations plotted against time in hours are at
peak size at 3 hours (see Figure 3.14). The size gradually decreases beyond 3 hours.
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DISCUSSIONS

A two-line ferrihydrite was synthesized using the solvent-deficient method which was
confirmed through XRD measurements conducted on the sample. The ferrihydrite was the
source of iron used in the simulation.
XRD results indicated the presence of siderite and magnetite for the CO32- and SO42simulations respectively. Addition of Carbon to a simple Fe-O-H system introduces siderite,
FeCO3, within a pH range between 6.8 and 9.4, separating Fe2+ from Fe(OH)2. Goethite traces
were found in association with siderite indicating oxidation. Magnetite was formed (Equation
4-1) unexpectedly in the SO42- simulations, while pyrite was not observed. The absence of
pyrite could be attributed to the infinitesimal concentrations that could not be detected by the
XRD. Formation of magnetite in sedimentary systems has been studied to involve various
processes such as a) in-situ alteration during diagenesis b) fluid-mixing and related fluid/rock
interactions c) microbial activity. Pyrite replacement by magnetite through surface
dissolution/re-precipitation can be considered as an explanation (Brothers et al., 1996).
2Fe3+ + Fe2+ + 8OH- → Fe3O4 + 4H2O

(Equation. 4-1)

Crystallite sizes calculated for the siderite and magnetite precipitates using Scherrer’s
equation indicated average sizes of 14.6286 nm and 12.9393 nm respectively. Compared to
SEM images crystallite sizes 9 µm and 13 µm for magnetite and siderite respectively. The
difference in sizes from the analytical measurements taken is quite notable and should be
further investigated in future work. Chukanovite observed under SEM images as “platystructured” minerals possibly formed through the following process (See Equations 4-2 and 43)
2Fe(s) + 2H2O(l) → 2Fe(OH)+(aq) + 2H+ + 4e- … (Equation. 4-2)
2Fe(OH)+(aq) + CO32-(aq) → Fe2(OH)2CO3 … (Equation. 4-3)
The PHREEQ program accurately predicted the formation of siderite upon running the
carbonate simulation. Magnetite formation was contrary to the PHREEQ prediction of forming
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pyrite on conducting the sulfate simulation. The formation of magnetite represents either partial
reduction of ferrihydrite or the partial oxidation of an intermediate reduced phase. It might also
be explainable through the highly alkaline nature of the sulfate solution, pH 13.4, as per the
Eh-pH diagram.
SO42- mineral transformations can be described using the conceptual flow chart below
(see Figure 4-1)

Figure 4-1. SO42- mineral transformations involving Ferrihydrite (Hansel et al., 2005)
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5

CONCLUSIONS

The formation of siderite in all the carbonate simulations indicates its prevalence in the
occurrence of the iron-carbonate minerals. This occurrence of siderite is contrary to its
occurrence in nature, as it is not observed everywhere. The absence of pyrite from the SO42and S2- simulations was unclear and the formation of magnetite could have been an indication
of transformation through processes such as re-precipitation or dissolution. The ease of
precipitating siderite during the carbonate simulations was an important aspect in sediments
paleo magnetism, because siderite oxidation readily produces daughter magnetic minerals such
as magnetite and hematite. This possibly explains the scarcity of siderite in nature. In
conclusion, it is noted that siderite formed through CO32- simulation can transform to either
goethite or chukanovite and the magnetite observed in the SO42- simulation could have possibly
formed due to pyrite transformation or re-precipitation.
Future works should include conducting similar experiments with varying CO32-, SO42and S2- solution concentrations.
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